STUDY QUESTION: Do specific factors affect the segregation patterns of a quadrivalent structure and can the quadrivalent affect genome stability during meiosis?
Introduction
Reciprocal translocations are the most common structural chromosome rearrangement that occurs when an exchange of terminal segments happens between different chromosomes (Stern et al., 1999) , with an estimated prevalence of 0.14% in newborns and 0.6% in the infertile male population (Mau-Holzmann, 2005 ). The prevalence is even higher in men with azoospermia or severe oligozoospermia, as well as couples with a history of recurrent miscarriages or IVF failure, reaching 1.4% and 2.2%, respectively (Clementini et al., 2005; Liu et al., 2013) . As balanced reciprocal translocation carriers have no numerical gain or loss of genetic material, most are phenotypically normal. However, these carriers may be faced with fertility problems, mainly as a consequence of producing unbalanced gametes, which associate with apparent infertility, recurrent spontaneous abortion or pregnancies with congenital abnormalities (Fiorentino et al., 2011; Zhang et al., 2014) . The unbalanced gametes are mainly caused by the segregation patterns of the quadrivalent.
During the pachytene stage of prophase I, the two derivative chromosomes and the two corresponding normal chromosomes form the quadrivalent structure, which allows the pairing of homologous regions. At anaphase I, the structure segregates according to the following five theoretical modes: alternate and adjacent-1 segregation modes involve the 2:2 disjunction of homologous centromeres to opposite poles. Instead, when homologous centromeres migrate to the same pole, the possible segregation modes may be adjacent-2, 3:1 or 4:0 disjunctions (Scriven et al., 1998) . With the consideration of recombination, 32 aspects of products can be generated in gametes (Scriven et al., 1998) . However, among all the possible gametes, only two from the alternate segregation mode have the normal or balanced derivative chromosome, and the others are genetically unbalanced. On the basis of theoretical modes of segregation, the chance for normal or balanced gametes is low. Generally, this heterogeneity has been ascribed to the particular cytogenetic features of each reciprocal translocation.
Different studies on meiotic segregation patterns of sperm or embryos from reciprocal translocation carriers have revealed an extreme variability of segregation modes, and there is quite a wide range of unbalanced gamete frequencies, from 18.7% to 91.0% among patients (Lim et al., 2008; Martin, 2008; Ko et al., 2010; Ye et al., 2012) . However, the frequencies concerning each segregation mode mostly satisfy a general segregation pattern, characterized by a prevalence of the alternate segregation followed by the adjacent-1, 2:2 adjacent-2, 3:1 and 4:0 Anton et al., 2008; Nishikawa et al., 2008; Vozdova et al., 2008; Mokanszki et al., 2012) . Therefore, it is of great importance to identify the factors affecting meiotic segregation behavior of translocated chromosomes. According to the study conducted by Ko and his colleagues, meiotic segregation might be affected by the carrier's sex yet not by the carrier's age or breakpoints (Ko et al., 2010) . Nevertheless, some studies found that segregation might be affected by the location of breakpoints (Anton et al., 2008; Zhang et al., 2014) . Some other studies have indicated that chromosomal type could affect the segregation (Mackie and Scriven, 2002; Kekesi et al., 2007; Ye et al., 2012; Yilmaz et al., 2012) . The conclusions from different studies seemed to be contradictory. Furthermore, previous research revealed that the interchromosomal effect (ICE) might disturb the proper pairing and disjunction of other chromosomes during the pachytene stage of meiosis I, which could lead to additional chromosome numerical abnormalities Alfarawati et al., 2012; Sciurano et al., 2012) . Anton et al. (2008) detected a positive ICE in 43.9% (29/66) of the reciprocal translocation carriers analyzed by sperm FISH. Other studies showed that the positive ICE in embryos was 21.3% (13/61) and 60.3% (76/126) through the screening of common aneuploidies (chromosomes 13, 16, 18, 21 and 22) by FISH (Gianaroli et al., 2002; Pujol et al., 2006) . However, some research suggested that an ICE was either absent or negligible in these patients (Estop et al., 2000; Munné et al., 2005; Xie et al., 2017) . So far, no large sample studies have been conducted in order to investigate whether quadrivalents increase the rate of chromosome abnormalities, in comparison with non-translocation patients.
Moreover, the previous studies were conducted using the FISH method, in which it is difficult to precisely identify the location of translocation chromosomal breakpoints and only allows the analysis of a limited number of chromosomes. Also, with small sample sizes, it is difficult to sufficiently analyze the distribution of segregation products and the factors that impact segregation modes. Furthermore, the impact factors on segregation modes and ICE studies are usually carried out independently, using FISH technology. As a result, the factors affecting segregation patterns and the effect of a quadrivalent on genome stability during meiosis have not been well studied until now.
In this study, the aim is to evaluate the factors that affect meiotic segregation patterns and the effect of quadrivalent structure on genome stability during meiosis using single nucleotide polymorphism (SNP)-array technology. The analysis of the impact factors on meiotic segregation modes was conducted according to the location of translocated chromosome breakpoints, carrier's gender, carrier's age and translocated chromosome type. At the same time, the effect of quadrivalent structure on genome stability was analyzed by comparing the segregation products of non-translocation chromosomes between reciprocal translocation patients and patients with the risk to transmit monogenic inherited disorders (RTMIDs) undergoing PGD, including aneuploidy and segmental chromosome anomalies.
Materials and Methods

Study subjects
A total of 356 translocation carriers and 53 patients with RTMIDs that were to undergo assisted reproduction and PGD were enrolled in Shanghai Ji Ai Genetics & IVF Institute from March 2014 to July 2017. All translocation carriers had a history of recurrent spontaneous abortion, infertility or pregnancies with chromosome anomalies, whereas patients with RTMIDs had a history of abnormal offspring. Written informed consent was obtained from each family before the start of the PGD cycle and the study protocol was approved by the Ethics Committee for Human Subject research of the Obstetrics and Gynecology Hospital, Fudan University.
IVF, blastocyst biopsy and whole genome amplification
Controlled ovarian stimulation was performed using GnRH agonist or antagonist, recombinant FSH and HCG. Standard techniques were used in IVF in Shanghai Ji Ai Genetics & IVF Institute of Obstetrics and Gynecology Hospital Fudan University. Briefly, retrieved metaphase II (MII) oocytes were produced using ICSI and were then cultured for 5-6 days in the IVF laboratory to develop to the blastocyst stage. For embryos at the blastocyst stage, 3-10 cells were removed from the trophectoderm cells. The biopsied cells were placed into PCR tubes with an alkaline denaturation buffer for cell lysis, as previously described (Muggleton-Harris et al., 1995) . Whole genome amplification (WGA) was performed using the multiple displacement amplification method. Isothermal DNA amplification with phi 29 DNA polymerase was performed (Repli-g single cell kit, QIAGEN GmbH, Hilden, Germany) as described in the manufacturer's protocol. The isothermal amplification was performed at 30°C for 8 h and the reaction was stopped by incubation at 65°C for 3 min.
SNP-array and analysis
SNP genotypes of WGA products were performed with the Illumina Human Cyto-12 microarray for translocation carriers and Karyomap-12 microarray for patients with RTMIDs, and each bead chip contained 300 000 SNPs. A karyomapping algorithm was crucial for performing the PGD for patients with RTMIDs. The experiment was performed in accordance with the infinium chip procedure (Fan et al., 2005) . Briefly, the WGA product was amplified genome wide again in an overnight isothermal reaction and then fragmented to a size of~300-500 base pairs. After isopropanol precipitation and resuspension, the samples were hybridized to a bead chip overnight for~20 h. Then, an automated Extension Staining process was performed. After staining, the bead chips were scanned on an iScan reader (Illumina, Inc. San Diego, CA, USA chromosomal copy number variations (CNVs), including aneuploidy and segmental chromosome abnormalities.
Algorithms for determining quadrivalent asymmetry
For each quadrivalent, the length of both centric and translocated segments was measured according to the molecular karyotypes of unbalanced embryos. The ratios of the longest and the shortest translocated segments (TSR) and the ratio of the longest and the shortest centric segments (CSR) were calculated separately. Mild asymmetric quadrivalents were defined when TSR and CSR were both <3. Severe asymmetric quadrivalents were defined when TSR or CSR were over 3.
Statistical analysis
All statistical procedures were conducted with SPSS version 17.0 software (SPSS, Chicago, IL, USA). The χ 2 or Fisher's Exact Test was used to compare the differences between the frequency distributions of segregation modes or segregation products. Quantitative clinical characteristics were compared with a two-sample Student's t-test, including carrier's age and embryo numbers. Stratified analysis was conducted to evaluate potential interaction by sex or age. All P values presented were from a two-sided test, and the level of P < 0.05 was considered to be significant.
Results
Clinical characteristics
In successfully diagnosed using the SNP-array method (98.86%): 560 (30.4%) were identified as normal or balanced from translocation carriers, and 129 (40.6%) were identified as transferable from patients with RTMIDs. There was no significant difference between male and female carriers for all clinical parameters (Table I ). The patients and the nature of each translocation are shown in Supplementary Table SI. In addition, the results of sperm parameters for male and female translocation carriers are listed in Supplementary Table SII .
Meiotic segregation analysis
The meiotic segregation patterns were determined by molecular karyotype of embryos from translocation carriers. A total of 1458 embryos were characterized by 2:2 segregation pattern, among which alternate was the most common pattern (749/1482, 40.7%), followed by adjacent-1 (508/1842, 27.6%) and adjacent-2 (201/1842, 10.9%). The frequency of 3:1 and 4:0/other segregation pattern was 6.1% (112/1842) and 14.8% (272/1842), respectively. The location of breakpoints was identified by molecular karyotypes of unbalanced embryos, and TSR and CSR were then calculated separately. To evaluate the influence of the location of breakpoints on segregation patterns, the asymmetric degree of quadrivalents were grouped into mild or severe according to the TSR and CSR value. The results showed that the percentage of adjacent-2 products from a mild asymmetric quadrivalent was significantly higher than that from a severe asymmetric quadrivalent (P = 0.020), while the incidence of 4:0/others products was significantly lower (P = 0.030). By conducting a stratified analysis by gender and age, the distribution of segregation products was roughly similar to the whole. However, the difference was not present in a quadrivalent structure without acrocentric chromosome (Table II) . When comparing the influence of gender on meiotic segregation patterns, the results demonstrated that the frequencies of adjacent-2 and 3:1 segregation modes were significantly higher (P < 0.001, P = 0.015) in female carriers than in male carriers, whereas the frequency of adjacent-1 segregation mode was higher (P = 0.001) in male carriers. By contrast, no difference was observed in older carriers based on stratified analysis by age (Table III) . When analyzing the carrier's age factor, the data suggested the frequency of adjacent-1 was higher (P = 0.04) and 4:0/others was lower (P = 0.002) in young carriers compared with older carriers (Table IV) . In addition, for analyzing the chromosomal type involved in a translocation, the quadrivalent was divided into two groups according to whether an acrocentric chromosome was involved. We found that the percentage of adjacent-1 products from a quadrivalent with an acrocentric chromosome was significantly higher than that without an acrocentric chromosome (P = 0.001) and no differences for other segregation patterns were identified. Through stratified analysis by gender and age, the distribution was almost equivalent to the overall cohort, except in older carriers (Table V) than one PGD cycle, the percentage of meiotic segregation patterns between first and repeated cycles was basically consistent (Supplementary  Table SIII) . Besides, 72 embryos (3.9%) were produced with adjacent-2 crossing over between chromatids and 12 (0.65%) with anaphase II non-disjunction.
Genome stability analysis
We evaluated the effect of quadrivalent structure on genome stability during meiosis. Our results indicated that a quadrivalent structure could significantly increase the frequencies of chromosome abnormalities, by 1.43 times in young reciprocal translocation carriers compared to patients with RTMIDs (P = 0.048, OR = 1.43, 95% CI = 1.01-2.43), especially for the male carriers (P = 0.018, OR = 1.58, 95% CI = 1.08-2.25) ( Table VI and Fig. 1 ). However, focusing on the older patient cohort, the rate of chromosome abnormalities between translocation patients and patients with RTMIDs showed no statistical difference. By contrast, the rate in older patients was significantly higher than that in young patients with both reciprocal translocation and monogenic disorder (Supplementary Table SIV) , which is presumably due to the maternal age effect on aneuploidy. When stratified analysis by abnormal type of aneuploidy or segmental anomalies was performed we found that the frequencies of aneuploidy in female carriers were comparable to the overall distribution (P = 0.025, OR = 1.60, 95% CI = 1.08-2.43; P = 0.017, OR = 1.72, 95% CI = 1.11-2.66). By contrast, no statistical difference between blastocysts with segmental chromosome anomalies was observed (Table VII) .
Discussion
The molecular karyotype of each embryo was analyzed to identify the chromosomal CNVs, and meiotic segregation patterns were then determined in our research. Although numerous products could be generated, a prevalence of alternate segregation products was observed, followed by adjacent-1 product. These results were consistent with most previous studies, showing an enhanced tendency of homologous centromeres to migrate to opposite poles in cells (Anton et al., 2008; Nishikawa et al., 2008; Lledo et al., 2010) . However, the segregation pattern of 4:0/other including 4:0 and chaotic segregation patterns in our study was much higher in comparision with some other studies Vozdova et al., 2008; Perrin et al., 2010) . The SNP-array technology used in this study could screen the genome-wide variants and all aspects of chaotic segregation products could be detected accurately, which might help to account for the phenomenon. In fact, among all the 4:0/other segregation products in our results, few 4:0 products were observed and most were classified as chaotic segregation products. In addition, a few studies reported that the frequency of adjacent-2 or 3:1 products was higher than alternate or adjacent-1 products (Jalbert et al., 1980; Morel et al., 2004) .
To identify the factors that affect meiotic segregation patterns, the segregation patterns were analyzed according to the location of translocation chromosomal breakpoints, carrier's gender, carrier's age and translocation chromosomal type. When the influence of location of breakpoints was compared, we found the percentage of adjacent-2 products with severe asymmetric quadrivalent was significantly higher than those with mild asymmetric quadrivalent, while the incidence of 4:0/others product was lower. Considering the possible confounder, we compared the segregation products by gender, age and translocations with or without acrocentric chromosomes, separately. Based on stratified analysis, we found that the results from different gender or age carriers were highly similar to those from the overall patient cohort. However, the same finding was not observed in quadrivalent without acrocentric chromosomes. Published data have indicated that patients with shorter centric segments tended to produce higher numbers of adjacent-2 products, whereas those with shorter translocated segments produced more adjacent-1 products (Faraut et al., 2000; Anton et al., 2008) . Additionally, a 3:1 product required the participation of a small chromosome (Faraut et al., 2000) . However, these previous studies only analyzed the relationship between meiotic behavior and a single parameter, such as the length of either the translocated or centric segments or translocations with or without acrocentric chromosomes (Faraut et al., 2000; Anton et al., 2008; Ko et al., 2010; Ye et al., 2012) . To avoid possible bias, a quantitative description of the asymmetry of the quadrivalent structure was considered. As the degree of asymmetry depended on the size of the involved chromosomes and the positions of the breakpoints, our evaluation seems to be more comprehensive. It has been reported that family members who belong to the same reciprocal translocation carriers show a similar pattern in the respective segregation frequencies (Morel et al., 2004) , indicating that the type of segregation pattern depends fundamentally on the chromosomal and genetic characteristics in association with reciprocal translocations.
There are reports that meiotic segregation might be affected by the carrier's gender, and male meiosis was different from female (Tease et al., 2002; Ko et al., 2010) . In our study, the frequency of an alternate Figure 1 The comparison of meiotic segregation products of nontranslocation chromosomes in balanced translocation patients versus patients with the risk to transmit monogenic inherited disorders. The quadrivalent structures could significantly increase the frequencies of chromosome abnormalities, by 1.43 times in young reciprocal translocation carriers compared to patients with the risk to transmit monogenic inherited disorders (RTMIDs) (P = 0.048, 23.03% versus 17.28%). However, focusing on the overall patient chort and older patient cohort, the rate of chromosome abnormalities showed no statistical difference (P = 0.49, 23.78% versus 22.01% and P = 0.36, 31.33% versus 37.33% respectively), which is presumably related to the maternal age effect on chromosome abnormalities. χ 2 was used to compare the differences of abnormal rate.
segregation pattern was no different in male versus female translocation carriers, which was consistent with what has been reported (Pujol et al., 2006; Ko et al., 2010) . In contrast, the incidences of adjacent-1, adjacent-2 and 3:1 segregation were significantly different. In the research of Ogilvie et al. (2005) the authors reported that adjacent-2 segregation was higher in the male carriers than in the female (20.5% versus 5.7%, respectively). Moreover, Pujol et al. (2006) showed no significant differences in adjacent-2 (8.0% versus 9.2%, respectively) and 3:1 segregation modes (16.0% versus 17.1%, respectively) between male and female (Pujol et al., 2006) . These results were different from ours. For the analysis of carrier's age, few related studies have been performed. Ko and his colleagues reported that meiotic segregation might not be affected by the carrier's age (Ko et al., 2010) , as also observed in the research of Zhang et al. (2014) , while we reached the opposite conclusion. According to our results, the frequency of adjacent-1 was higher and 4:0/others was lower in young carriers compared with older carriers. When conducting stratified analysis by gender, the distribution of segregation products from different gender, young carriers was still statistically different to those from older carriers. Additionally, for the potential factor of the chromosomal type involved in translocation, Lim et al. (2008) reported that the proportion of alternative segregation product was significantly higher, yet 3:1 product was lower, in reciprocal translocations without an acrocentric chromosome compared to those with an acrocentric chromosome. Meanwhile, some other studies that reported translocation with acrocentric chromosomes showed a significantly higher rate of 3:1 segregation than those without acrocentric chromosomes, which were associated with a poor prognosis (Vialard et al., 2006; Ye et al., 2012; Yilmaz et al., 2012) . However, the percentage of adjacent-1 products from a quadrivalent with an acrocentric chromosome was significantly higher than without an acrocentric chromosome in our results, showing consistence with the study of Yilmaz et al. (2012) . Besides, the difference of other segregation patterns was not observed in our data. Until now, the studies that analyzed the segregation patterns used the FISH method, which made it difficult to identify the location of translocated chromosome breakpoints precisely and not all possible segregation patterns could be evaluated. In addition, with a small sample size, it is difficult to analyze the distribution of segregation products and the factors that may affect segregation modes sufficiently. The differences in results between the above studies might be caused by differences in sample number and the methods used in each study. The phenomenon of ICE originates from meiotic disturbances in the proper pairing and disjunction of other chromosomes not involved in the translocation (Burgoyne et al., 2009 ). It has been described that when searching for homologous pairing, the rearranged chromosomes involved in the quadrivalent may present The embryos with both aneuploidy and segmental abnormalities were divided into two groups. χ 2 was used to compare the differences between the frequencies of segregation products. The bold values meant there existed significant difference.
asynaptic regions Leng et al., 2009; Sciurano et al., 2012) . Therefore, ICE might cause a significant increase in chromosomal numerical abnormalities. To evaluate the effect of quadrivalent structure on genome stability or ICE during meiosis in the present study, 53 patients with RTMIDs with 72 ovulation cycles were collected and the segregation products of non-translocation chromosomes from reciprocal translocation carriers were compared with those from patients with RTMIDs. We found that a quadrivalent could significantly increase the frequencies of chromosome abnormalities, by 1.43 times compared to patients with RTMIDs in young carriers, and especially for the male carriers (1.58 times). When stratified analysis was performed by the type of aneuploidy or segmental anomalies, the frequencies of aneuploidy were comparable to the global distribution. However, no significant difference between blastocysts with segmental anomalies was observed. In addition, for older carriers, there was no difference in both aneuploidy and segmental anomalies. Possibly, advanced age played a more important role in the formation of abnormal chromosomes than a quadrivalent structure in older patients. According to reports, increasing maternal age contributed to the increased incidence of aneuploidy (Hassold and Hunt, 2001; Duncan et al., 2012) . The reported positive ICE ranged from 21.3% to 60.3% (Gianaroli et al., 2002; Pujol et al., 2006; Anton et al., 2011) , while there were no nontranslocation control patients counted and these studies were analyzed by sperm FISH, which only allowed the analysis of a limited number of chromosomes and the aneuploidy or segmental anomalies could not be identified accurately. Therefore, the bias associated with FISH technology was inevitable. Information about the content of additional chromosomes would have been useful to broaden the number of aneuploidy embryos studied, as well as infer more accurately a possible mechanism for generating chromosomal imbalances. In addition, the diagnosis of translocation and aneuploidy can improve the pregnancy rate (van Uum et al., 2012; Tan et al., 2013; Zhang et al., 2017) , even though the number of transferable embryos is reduced and the cancellation of embryo replacement is increased. Our data would be useful to predict the possibility of normal or balanced embryos and to counsel appropriately those reciprocal translocation carriers undergoing PGD. To our knowledge, this is the first report describing the impact factors on meiotic segregation and the effect of quadrivalent structure on genome stability using SNP-array technology that can screen the genome comprehensively and identify the location of translocation chromosomal breakpoints precisely. Besides, it firstly explore the effect of quadrivalent structure on genome stability by analyzing segregation products of chromosomes in blastocysts from reciprocal translocation carriers and patients with RTMIDs, which were used as control samples. Apart from that, the larger sample size in our research is the another advantage, as most of previous articles included <50 patients.
In summary, our results indicate that meiotic segregation modes can be affected by the location of translocation breakpoints, the gender and age of the carrier, and chromosome type. A quadrivalent structure can affect the stability of the genome during meiosis, and this is associated with an increase in chromosome abnormalities, especially increasing the frequencies of aneuploidy in translocation patients who are <35 years old. These results will provide each translocation carrier couple with more appropriate genetic counseling and promote the understanding of large numbers of abnormal embryos with chromosome aneuploidy.
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